INTRODUCTION
Fluid balance is an integral component of hemodialysis treatments to prevent under-or overhydration, both of which have been demonstrated to have significant effects on intradialytic morbidity and long-term cardiovascular complications. In recent years, the use of lung ultrasonography to detect extravascular lung water has received growing attention in clinical research in adult patients with heart failure, intensive care and chronic kidney disease undergoing hemodialysis (HD) and peritoneal dialysis (PD). Recent studies have shown the benefit of lung ultrasound in fluid assessment for children on dialysis [1, 2] . A key challenge in the detection of B-lines is operator dependency. Identifying and counting B-lines by eye are variable and open to error between different ultrasound operators.
During acquisition of lung ultrasonography, the difference in acoustic impedance between the lung and the surrounding tissues will be increased when lung density increases due to extravascular fluid. This results in some vertical narrow based lines arising from the pleural line to the edge of the ultrasound screen, known as B-lines. The presence of a few scattered Bline comets can be a normal variant, as found in healthy subjects, whilst multiple B-lines are considered the sonographic sign of lung interstitial syndrome [3] .
Currently, the observation of B-lines in the lung ultrasonography is solely done by experts. However, to deal with the large data and to further analyse or use for detecting the early stage of some disease conditions, an automatic B-line detection is required. To the best of our knowledge, only two automatic approaches have been proposed in the literature [4, 5] and unfortunately their performances are still far from being reliable to use with the large data collected from different settings, particularly paediatric ultrasound data which differs from adult data given the anatomical differences between children and adults.
In this paper, we propose a novel solution to an inverse problem for line detection in the speckle ultrasound images. This aims to achieve B-line detection in children's lung ultrasound, which is more technically challenging due to chest size and rib positions. We employ a Radon transform, where a grayscale image is converted to a representation of radius and orientation as shown in Fig. 1 . This inverse problem is solved using the alternating direction method of multipliers (ADMM) [6] , offering fast convergence rate. We employ 1 regularisation since it gives good results for sparse data, such as lines in our work. We also propose an automatic robust method to detect B-lines, where the strong lines presented can simply be detected from local peaks in the Radon transformed domain.
The remainder of this paper is organised as follows. The background and related work in this field is stated in Section 2. The proposed line detection method is described in Section 3. The performance of the method is evaluated in Section 4. Finally, Section 5 presents the conclusions of this work.
BACKGROUND
When lung density increases due to the presence in the lung of transudate, the acoustic mismatch between the lung and the surrounding tissues is lowered, and the ultrasound beam can be partly reflected at deeper zones and repeatedly. This phenomenon creates some vertical reverberation artefacts known as B-lines [7] . Similarly appearing artefacts that should not be confused with B-lines are Z-lines. They are short, broad, ill defined, vertical comet tail artefacts arising from the pleural line but not reaching the distal edge of the screen. They are less echogenic than the pleural line and do not erase Alines. The A-lines are repetitive horizontal echoic lines with equidistant intervals, which are also equal to the distance between skin and pleural line.
Two automatic B-line detection techniques have been proposed in the literature. The first method was proposed by Brattain et al. [4] using angular features and thresholding (AFT). Five features are employed and the B-line is detected in a particular image column if each feature exceeds a predefined threshold. This method is not robust to the different machine settings, as noise and intensity of the images can be significantly different thereby requiring different values of the threshold. The second method was proposed by Moshavegh et al. [5] using alternate sequential filtering (ASF). Firstly, the method detects the pleural line using a random walk technique. The binary mask for the area underneath the pleural line is then generated from the absolute values of the Hilbert transform of the axial gradient components. A repeated sequential morphological opening and closing approach is applied to the mask until possible B-lines are separated. The drawback of this method is that the results always overestimate the number of B-lines because the Z-lines are not discarded. A semi-automatic approach was proposed by Weitzel et al. [8] . The users define the area below the pleural line. The moving average filter is employed and a pre-defined thresholding technique is used to identify the B-line.
PROPOSED METHOD
This section describes the proposed method of line restoration via an inverse problem, presented in Section 3.1, and the proposed automatic B-line detection method, presented in Section 3.2.
Line Detection in speckle images
Lines in the noisy ultrasound image are described using the model
where y is the observed ultrasound image, x is the line represented by the orientation θ and distance ρ from the centre of y. R and R −1 are a Radon transform and an inverse Radon transform, respectively. n is Gaussian noise. In a formulation without a noise term, a Radon transform is described as in Eq. 2, where δ(•) is the delta function. To operate with an image, the R and R −1 are discrete versions, which can be implemented as proposed in [9] . Lines x can be estimated using 1 regularisation approach as
where α and β are regularisation constants. The first two terms are similar to the method proposed in [10] . The third term is included in the estimation because the output of the Radon transform is quantised by a discrete pre-defined range of orientation Θ. ∇g is the gradient of g, defined as ∇g = (g xx g 2 y − 2g x g y g xy + g yy g 2 x )/(g 2 x + g 2 y ), where g x and g y are ∂g ∂x and ∂g ∂y in horizontal and vertical directions, respectively. This regularisation term is similar to that in a super-resolution approach for compressed video [11] , which is used to suppress quantisation noise.
Alternating direction method of multipliers
The alternating direction method of multipliers (ADMM) [6] is employed to solve the problem in Eq. 3. It is a variant of the augmented Lagrangian scheme that uses partial updates for the dual variables. It is simple to implement by splitting a large problem into a series of subproblems as follows.
where
Then, the Augmented Lagrangian for (4) is
where z is the dual variable or Lagrange multiplier. γ > 0 is a penalty parameter and z T indicates the transport of z. The ADMM technique allows this problem to be solved approximately by first solving for u with x fixed, and then solving for x with u fixed. The computation process consists of three-step iterations, namely i) u-minimisation, ii) xminimisation, and iii) dual update, as follows.
x k+1 := arg min
where k is an internal iteration counter.
Implementation
The problem in (7a) is a quadratic function about u, which can be solved as in Eq. 8, where I is the identity matrix.
To solve Eq. (7b), we first ignore β||∇R −1 x|| for simplicity, then we have
where S λ (•) is a soft thresholding described as S λ (a) = sign(a) max(|a| − λ, 0).
Subsequently, we apply a smooth function to suppress the quantisation noise, occurring due to a discrete pre-defined range of orientation Θ. Denotingỹ k+1 as the line image of x k+1 ,ỹ k+1 = R −1 x k+1 . Then, x k+1 is updated as described in Eq. 11.
Note that if the step size for θ is very small, e.g. ∆θ < 0.25 • , this smooth term can be removed. The last step in each iteration is for updating z, which is
B-line Detection
The exact number of B-lines must be sought on the pleural line, i.e. it is equivalent to the number of points from which lines originate. Therefore, the procedure starts with detecting the pleural line in the restored x, using the fact that it is always the brightest line. The search area of the maximum value is limited to Θ p ∈ [70 • , 110 • ] (0 • starts from the x axis), and limiting the range of ρ to ρ > 0 since the pleural line is always located on the top half of the image. Then the A-lines, physiological horizontal lines below the pleural line, are detected using Θ A = Θ p and the fact that they are equidistant. The lines are detected using local maxima technique proposed in [12] . 
RESULTS AND DISCUSSION
We tested our methods with 50 paediatric lung ultrasound images. They were acquired using linear array transducers because they were best suited to small body size. If convex transducers are used, the images have to be transformed to rectangular images, which can be done using affine transform. We set α, β and γ equal to 1 throughout the experiment. The algorithm stopped with the convergence criterion ||x k+1 − x k ||/||x k || < 10 −3 , resulting in the process ending in <25 iterations. The subjective results in Fig. 2 show the detected pleural, A-, B-and Z-lines (red = pleural line, blue = A-lines, yellow = B-lines, green = Z-lines). Fig. 3 shows the comparison of our method with two existing approaches for automatic Bline detection, which are i) angular features and thresholding (AFT) [4] and ii) alternate sequential filtering (ASF) [5] . The x-axis is the number of B-lines identified by the expert and y-axis is the results marked by automated approaches. Our method achieves the best mean square error (MSE) which is 0.45, whilst the MSE of the AFT and ASF are 1.44 and 1.02, respectively. Both existing techniques overestimate the number of B-lines when it should be 0 or 1, since A-lines are not taken into account, resulting in Z-lines being misclassified. They underestimate when the number of B-lines is between 2-4, since the shadow of the ribs in children causes unclear/fade laser-like artefacts, unlike those in the adult cases.
CONCLUSION
This paper presents two novel algorithms for automated detection of B-lines in lung ultrasound images. The first method restores the lines in the speckle images by solving an inverse problem based on the Radon transform. The proposed method offers a simple and fast implementation via alternating direction method of multipliers. With the accurate line detection results from the first method, the second method identifies Blines automatically from the local maxima in the Radon trans- Future work will combine despeckling [13, 14] and PSF estimation as inverse problems for the case when the input is a raw radiofrequency image.
